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ABSTRACT

This report summarizes the development, testing and analysis of hybrid

composite/metal connections and hybrid structural systems under the Modular Advanced

Composite Hullform (MACH) project. The MACH project, funded by the Office of Naval

Research, is part of a joint effort between the University of Maine, Navatek of Honolulu,

HI, and Applied Thermal Sciences (ATS) of Sanford, Maine, and is performed in

conjunction with the Naval Surface Warfare Center at Carderock, MD (NSWCCD). The

primary motivation for the work summarized herein is to provide alternatives to

conventional hull construction techniques and conventional hull forms by using modular

hybrid construction methods. Included is a description of tests performed on sub-scale

hybrid bolted connections, where the objective was to develop watertight connections for

removable panels. An experimental study was conducted to quantify the performance of

numerous hybrid joints with various geometries, loaded in flexure. The test results showed

that for resisting bending loads, joints with doubler plates can be made stronger and

rotationally stiffer than standard bolted joints, while also mitigating opening of the joint,

thereby improving the ability to seal the connection for watertight integrity.

The results of this study were used to select a connection geometry, which was

incorporated into the hydrostatic testing of a full-scale four-panel assembly. Testing of the

assembly is described in this report and shows that a linear response of the system was

observed up to its design pressure load of 82.74 kPa. Damage initiated as stiffener

delamination at 1.4 times the design load. After failure of several stiffeners, the hybrid

assembly withstood up to 3 times its design load without leakage. Hence, the response of

the hybrid joint employed was deemed successful.

Numerical analysis of the connections and assembly are also presented. Simplified

shell finite element models were developed at both local and global levels. These models

were for estimation of the joint stiffness and good correlation with the test results was

observed. Strength of the system was predicted using detailed plane strain contact models

to capture the three-dimensional effects of the connection.
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1. INTRODUCTION

1.1. Overview

The work presented herein was performed under the Modular Advanced

Composite Hull-form (MACH) project, which focused on the development and testing of

hybrid composite/metal structural systems for naval ship applications. The MACH

project, funded by the Office of Naval Research, is part of a joint effort between the

University of Maine, Navatek of Honolulu, HI, and Applied Thermal Sciences (ATS) of

Sanford, Maine and is performed in conjunction with the Naval Surface Warfare Center

at Carderock, MD (NSWCCD). The mission of the MACH program is to develop

technology for fast efficient surface vessels that use the addition of underwater bodies

attached to a more traditional hull-form. The primary motivation for the work,

summarized herein, is to provide alternatives to conventional hull construction techniques

and conventional hull-forms by using modular hybrid construction methods. One goal cf

the MACH project is to develop a methodology for design and construction cf

lightweight hybrid composite/metallic hull forms to be used on high-speed ships. The

goal is to deploy ships where more payload and/or higher speeds can be achieved at little

or no additional power consumption and with excellent sea keeping ability.

The implementation of composite materials in conjunction with metals into hybrid

structural systems is currently being developed in several key applications such as ships,

aircraft and other transportation vehicles. One example found in ship structures is where

E-Glass/vinyl ester (EG/VE) composites are connected to a metallic framework, in order

to enhance their functionality and environmental resistance. Hybrid systems such as this,

where metals are used as the backbone of the structure and composites are used for the

bulk of the system, are of particular interest. A hybrid structure can potentially be more

advantageous than a single material system when cost, maintenance, weight, and

structural performance are considered simultaneously.

Traditional hull-forms, however, have been constructed using steel and aluminum.

Using metals for hull-form construction typically has made it difficult and costly to

achieve complex hydrodynamic shapes, which in turn has led to higher structural weight.
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Concerns over cost, weight, stealthiness and corrosion have led designers to look at

advanced materials for hull form construction. Although very good in fatigue, carbon

steel, for instance, is magnetic, dense and highly susceptible to corrosion when at sea,

which translates into higher maintenance costs. Stainless steels solve the magnetic

signature and corrosion issues, however they are typically costly. Aluminum, although

lightweight, corrosion resistant and non-magnetic is prone to fatigue failures. In light of

these disadvantages, advanced composite materials have emerged as a viable alternative

to the conventional hull construction methods. Accordingly, EG/VE systems are of

particular interest for large ship structures, provided that they can lead to superior

hydrodynamic shapes, weight reduction and higher speeds. Additionally, using

composites for the bulk of the structure could help achieve a more stealthy and corrosion-

resistant structure. That being said, recent research such as Barsoum [2003] and Boyd

[2004] have pointed to the difficulties associated with construction of an all composite

naval vessel. Hence, the hybrid composite/metal concept has emerged as a viable

alternative.

During the last few decades, the shipbuilding industry has been investigating

innovative designs and manufacturing methods as a way to achieve greater performance

and to reduce maintenance costs. For example, Navatek, Ltd., of Honolulu, HI, has

successfully built experimental ships that incorporate lifting bodies, in order to provide

enhanced sea-keeping through reduction in motions, higher lift-to-drag ratios, and greater

compatibility with multiple hull types. The MIDFOIL, shown in Figure 1.1, is one

example of these ships.

As a way to solve the issues that have slowed the development of the next

generation of hull forms, the University of Maine (UMaine) teamed up with industry and

Navy partners, in order to develop innovative, modular hull construction techniques for

naval and civilian applications. This effort involving Navatek, ATS and NSWC-CD

centered upon the case of applying hybrid construction to an underwater lifting body.

The multi-year effort was named the Modular Advanced Composite Hull-form project

(MACH). The collective project goal was to develop modular hull construction

techniques for fast surface ship and hybrid hull applications.
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Figure 1.1. Hybrid High-Speed Vessel, MIDFOIL

1.2. Project Background and Objectives

The MACH concept was developed as a blending of marine and space

technologies, as illustrated in Figure 1.2. Conventional composite ship construction was

being used at the inception of this project in 1999, as demonstrated in Figure 1.2a. The

composite MIDFOIL displacement pod was constructed in a monolithic fashion, as

shown in Figure 1.3. This method has led to smooth hydrodynamic shapes, but has made

internal access to the lifting body and ship hull a difficult task. Also, these vessels were

designed for proof-of-concept testing and improvements are required if they are to be

scaled up in size and deployed for long-term military or commercial use.

The panelized construction concept with removable panels was inspired by work

conducted by the University of Maine in support of NASA's X-38 crew return vehicle

project (Figure 1.2b). The highly complex outer shape of this spacecraft was attained by

a system of composite panels over a metallic structural frame. The concept behind the X-

38 structure led the University of Maine and Navatek to propose a panelized construction

concept for advanced high-speed vessels. This transformed into the MACH concept,

shown in Figure 1.2c, where complex shaped composite panels are joined to a metallic

structural framework by bolting, adhesion, or welding of sub-components.

3



a) MIDFOIL Displacement Pod b) NASA X-38 Panelized
Composite Outer Structure

+ +

- Conventional composites - Modular construction with removable panels
- Internal access is difficult - Successful implementation

c) MACH Concept

Simple structural
framework

Complex shaped
composite panels

- Internal access enabled

Figure 1.2. The MACH Concept: Blending of Marine and Space Technologies

Figure 1.3. Monolithic Composite Construction
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The overall objective of the MACH effort was to develop and demonstrate hybrid

composite/metal systems and joining concepts for naval ship hull applications. The core

of the project aimed at developing hybrid systems consisting of composite structural

sections attached to a metallic supporting structure. By combining composite and

metallic components, it is possible to take advantage of the beneficial properties of each

material. In general, the complex shapes required for advanced ship designs will benefit

from the use of composite materials in construction. This technology was demonstrated at

both the joint sub-component level and at the hybrid system level as summarized in this

report.

A schematic of the proposed MACH method for construction of a hybrid

composite/metal version of an underwater lifting body with removable panels is shown in

Figure 1.4. The concept consists of modular panels, made of composite materials,

attached to a metallic sub-frame, by means of a bolted connection. The composite panel

designs can be monocoque (unstiffened), rib-stiffened or sandwich construction,

depending upon the geometry and loading requirements. The panels must be able to

withstand the applied loads, while maintaining watertight integrity. The primary

advantages of the MACH concept are summarized as follows:

1) Advanced hull shapes can be achieved due to the extensive use of composite

materials for the bulk of the structure,

2) Use of composite panels instead of metallic skins is expected to decrease

the overall weight of the system, which would make high-speed surface ships

faster and more efficient for a given payload,

3) Modularity of the system (use of removable panels) would improve access to

the hull and lifting body, which in turn would allow for ease of maintenance of

equipment housed inside the lifting body, and

4) Use of a stiff metallic skeleton will facilitate the attachment of propulsion

equipment, while providing structural integrity.
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S / Water resistant

skin

Composite panel
Metallic [

sub-frame

Bolted connection to
metallic sub-frame

Figure 1.4. Composite Panels over Metal Framework for Ships.

1.2.1. Previous Work Performed Under the MACH Project

Several tasks were undertaken under the MACH effort which include: 1) Design

and implementation of an underwater lifting body; 2) assessment of stress relaxation in

composite bolted connections; 3) assessment of adhesives in connections; 4) study of

cavitation erosion resistant systems; and 5) study of a hybrid system for the Sea Flyer

lifting body. Along with construction of an underwater body by Navatek these efforts

were compiled into prior reports, which are summarized as follows:

1) Detection of Bolt Stress Relaxation in Hybrid Bolted Connections by Mewer, Vel
and Caccese [2003].

2) Mechanical Testing of Epoxy Adhesives for Naval Applications by Boone and
Caccese [20031.

3) Influence of Stress Relaxation in Hybrid Composite/Metal Bolted Connections by
Pelletier, Caccese and Berube [2005].

4) Development of a Cavitation Erosion Resistant Advanced Material System by
Light and Caccese [2005].

5) Design and Analysis of a Hybrid Composite/Metal Structural System For
Underwater Lifting Bodies by Thompson, Walls and Caccese [2005].

6



1.2.2. Lifting Body Case Study

Navatek Ltd. has built and deployed numerous experimental and commercial ships

that incorporate lifting bodies, in order to provide enhanced sea-keeping through

reduction in ship motion, higher lift-to-drag ratios, and greater compatibility with

multiple hull types. The lifting body used on the Sea Flyer, shown in Figures 1.5 and 1.6,

was a baseline for study in this MACH program. The Sea Flyer is a modified Surface

Effect Ship, the (SES-200), which was reconditioned and retrofit with an underwater

lifting body as shown in Figure 1.6. The MACH research team studied a hybrid version

of the lifting body used on this vessel.

Figure 1.5. SEA FLYER (photo courtesy of ONR via www.military.com)

Figure 1.6. Underwater Lifting Body (photo
courtesy of Navatek via www.military.com)
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1.3. Objectives

The objective of this effort is to quantify the structural response of a hybrid

composite/metal structural system with removable panels. The development of hybrid

structures requires extensive research prior to their application. A robust and reliable

hybrid structure depends upon an adequate connection between composites and metals.

It is imperative to understand the inherently non-linear behavior of these joints, the

interactions between the constituents, and the structural response in severe environments.

Both analytical and experimental studies were performed, including testing at the

sub-component and component level. The intent was to perform a case study of the

design and development of hybrid connections and a hybrid structural system

implemented on an existing lifting body design. The main research goals of the work

presented herein are as follows:

1) Structural testing of hybrid composite/metal joints. The current effort

includes testing of various joint configurations at the sub-component level.

2) Hydrostatic testing of a large-scale, hybrid panel assembly to demonstrate the

applicability and watertight integrity of hybrid joints at the component level.

3) Develop a simplified approach to model hybrid joints in large-scale structures,

by using finite element analysis.

1.4. Scope

Section 2 of this report provides a summary of the pertinent literature on hybrid

systems, hybrid connections and bolted composite connections. Presented in Section 3 is

a comprehensive experimental study performed to quantify the response of hybrid joints

with different connection geometry. Connection details were chosen for their potential to

be watertight and cost effective. A relative assessment of the structural response of these

joints, loaded in flexure, is provided. This laboratory study served as a precursor to more

complex and costly component panel studies, and as a verification tool for local finite

element models of hybrid joints. Section 4 deals with the hydrostatic testing of a full-
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scale, four-panel assembly. The modular panel assembly incorporated a hybrid joint,

which was selected based on the sub-component joint test results. The assembly was

loaded to failure, using uniform water pressure. This test served as verification of the

design of the hybrid panel assembly, as well as proof of the joint concept and

demonstration of the fabrication details and techniques using a VARTM process.

Additionally, these results are used to verify the global finite element models.

Finite element analysis as presented in Section 5 was conducted in order to devise

a simplified approach for modeling hybrid joints in large-scale structures. Models were

validated using the experimental data available for both local and global systems.

Parametric studies were conducted to observe the sensitivity of the structural response to

changes in the joint geometry.
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2. Literature Review

2.1. Naval Structures and Composites

The use of advanced composite materials in structural applications has been on

the increase during the past several decades. In marine structures, composites have been

used in small vessels and are potentially feasible for superstructures, decks, bulkheads,

propellers, and other equipment on large ships. For large vessels, however, the

implementation of composites for ship hull structural components is currently at the

developmental stage. Increased use of composites has arisen with the intention to

improve the structural performance of ships, while reducing manufacturing and

maintenance costs. The numerous potential applications of composite materials for naval

structures were outlined by Mouritz et at. [2001], and are illustrated in Figure 2.1 for a

naval surface vessel.

According to Black [2003] and Kimpara [1991], modem naval ship designs have

been primarily concerned with achieving lighter, faster, lower maintenance and more

stealthy structures. Speed can be increased by the use of advanced propulsion systems,

reducing structural weight and by implementing innovative complex shaping of the hull-

form. Advanced materials and structural systems are required to achieve these goals. In

turn, a departure from traditional hull construction methods, which primarily use

aluminum and steel, is necessary. Mouritz [2001] stated that replacing metallic naval

vessels and components with composites is a difficult and slow process, given that metals

perform very well in most applications, Currently, complete composite hull sections can

be found in relatively small naval ships, such as patrol boats and corvettes, or non-

structural, non-critical components in large ships.

A paper by Gullberg and Olsson [1990] describes carbon fiber construction

methods to manufacture various types of ships in Sweden. Chalmers [1994] has stated

that, although the technology of composite materials in the marine industry is considered

to have matured sufficiently, extensive research, empirical data and complete design

guidelines are still required in order to safely and efficiently incorporate composite

materials into larger-scale applications. This is particularly true when considering the

10



implementation of hybrid composite/metal components for long-term, commercial or

military applications.

D1Actf (D) *a.~ratOC

Figure 2.1. Applications of Composite Materials for Naval Structures [Mouritz, 20011

2.2. Material Systems and Manufacturing Methods

Ship structures are generally large and, in turn, require a vast amount of material

for their construction. An efficient hull-form structure must be lightweight and stiff, in

order to maintain its shape while resisting the applied loads. In addition, the structure

must be fatigue, impact and shock resistant. To achieve these goals, it is essential to

choose a low cost-per-pound material system and a manufacturing process that performs

to requirements. One of the primary cost drivers in developing advanced hull-forms with

conventional techniques is the metal forming of complex shapes. Using metals for the

bulk of the structure has made it difficult to achieve complex hydrodynamic shapes.

Hybrid composite/metal systems have emerged as a viable alternative to conventional

construction and manufacturing methods, due to the ease of manufacturing complex

shapes at relatively little incremental cost, when compared to fabrication with metals.

E-Glass/vinyl ester (EG/VE) systems are of particular interest for large ship

structures, since they can lead to weight reduction and complex curvatures. Some of the

major advantages of EG/VE systems, as outlined by Chu et al. [2004], are: 1) corrosion

resistance; 2) relatively high ultimate failure strains; and 3) damage tolerance. Recently,

much emphasis has been placed on the use of (EG/VE) systems, manufactured using a

vacuum-assisted resin transfer molding process (VARTM). This process offers good

strength characteristics which can be achieved at a much lower cost than, for example,

11



aerospace grade carbon fiber composites. As discussed by Critchfield and Judy [1994],

the U.S. Navy has demonstrated the applicability of VARTM as a low-cost process for

fabricating high-performance composite ship structures, including monocoque, single-

skin stiffened, and sandwich configurations. Using composites for the bulk of the vessel

could help achieve a more stealthy and corrosion-resistant structure, especially when used

in combination with corrosion-resistant metals, such as stainless steel and aluminum.

In spite of their apparent advantages, Barsoum [2003] stated that composites

alone lack the stiffness and strength to adequately withstand the loads of a large ship

structure. Furthermore, in a quasi-isotropic lay-up, the elastic modulus of an EG/VE

system is nearly one order of magnitude less than steel. The stiffness mismatch between

composites and metals poses a great challenge when joining of these dissimilar materials.

These observations will potentially cause designs that are typically performed on a

strength basis, to become stiffness-driven, particularly when equipment requirements set

a lower bound on the natural frequencies of the structure. For instance, a study by Aim

[1983] estimated that a 50-m composite naval ship was 2.4 times less stiff than its steel

counterpart. Similarly, an article by Boyd [2004a] states that an all composite ship

structure greater than 150 meters is currently unfeasible, and that the application of

hybrid composite/metal construction needs to be explored further.

2.3. Hybrid Structures for Marine Applications

To alleviate the lack of stiffness of composite materials alone, the hybrid structure

concept has arisen as a potential solution, where composites are used for stealth, weight

savings and reduced maintenance purposes, and metals are used to achieve structural

integrity. Barsoum [20031 discusses one example of this concept, where non-magnetic

stainless steel is used in combination with composites in order to create hybrid hull-forms

with low electromagnetic signatures.

Berube and Caccese [1999] identified a major type of hybrid structural system,

which incorporates composite panels as skins attached to a metallic sub-frame, as shown

in Figure 2.2. The composite panels can be monocoque (unstiffened), rib-stiffened or

sandwich construction, depending on the geometry and loading requirements. Recently,

Grenestedt and Sause [2005] tested a vierendeel truss version of this system using

12



composite sandwich panels over an AL6XN stainless steel frame. Another type of hybrid

system consists of complete composite sections attached to metallic sections as described

by Barsoum [2003]. An example of this system is the composite bow and stem shown in

Figure 2.3, where composite sections are attached to an advanced stainless steel double-

hull structure. In this case, the use of composites is advantageous due their ability to be

shaped into the complex curves typically required for the bow and stern sections in

advanced hull designs. Also, the potential weight reduction in the composite sections can

mitigate shock loads.

Curved Panel Placed
over Framework

3-D Sub-frame

Figure 2.2. Composite Panels Attached to a Metallic Sub-Frame [Berube and
Caccese, 1999]

ADH lAd-
Body

~ Composite
Bowl Stern

Figure 2.3. Composite Sections Attached to Metallic Sections
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Due to the lack of availability of specific design guidelines for structures involving

composite materials, the development of hybrid structures requires extensive research

prior to their application. A robust and reliable hybrid structure relies upon the adequate

connection between its composite and metallic components. Hence, a critical issue in the

design of these structures is the joining of composite sections to metallic sub-structures

[Dodkins et al. (1994), Pei and Shenoi (1996), Clifford et al. (2002), and Cao and

Grenestedt (2003)]. In order to provide a safe design, it is imperative to understand the

inherently non-linear behavior of hybrid joints, the interactions between their

constituents, and the structural response in severe environments.

2.3.1. Connections in Hybrid Structures

The application of hybrid composite to metal structures has been gaining

momentum over the past several years. Accordingly, hybrid composite/metal

connections are required that can withstand the applied loads and other environmental

effects. Connection details are application specific, especially for cases where

composites need be connected to metal structures. Several studies have emerged recently

with regard to ship applications of composite/metal joints. Cao and Grenestedt [2003]

describe the testing of a sandwich panel to metal interface, where they looked at the

change in structural response with embedment depth of the interface. They concluded

that placement of the steel has a significant effect on the strength and should be moved

away from the point of stress concentrations. Boyd et al. [2004a, 2004b] describe an

embedded metal joint connecting a composite sandwich panel to a steel deck for a

helicopter hangar. In this application, a steel plate was embedded at the end of a tapered

composite sandwich section panel made from FRP skins and a balsa core. The fatigue

life and residual strength were evaluated for this joint.

2.4. Bolted Joints

Mechanical joints are the preferred method to assemble structural members in

cases where removable sections are required. Their main advantage over other

techniques is that it is easy to disassemble the structure, which facilitates maintenance

and allows for replacement of damaged parts. Researchers have conducted numerous
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studies on composite bolted joints to identify the key parameters affecting joint

efficiency. In particular, it is necessary to understand the mechanisms that induce

damage and the loads at which failure occurs. The single-bolt configuration, regardless

of the type of lap joint, is the most commonly used configuration for experimental and

analytical studies found in the literature. However, in the majority of practical

engineering applications, multi-row bolted joints are used to transfer loads between

components.

Bolted joints are critical structural regions and must be properly designed so that

the desired performance from the overall structure is obtained. Because of large stress

concentrations, joints can become a source of weakness if proper design practice is not

followed. Accordingly, failures typically occur at connections and interfaces, rather than

within the bulk of the system. To provide a safe and cost-effective joint design, it is

typical to configure the joint with respect to the geometry and the constituent materials,

which affect both strength and failure modes.

The simplest type of mechanical joint is the single-lap joint, shown in Figure 2.4,

in which two members are joined together by using a bolt or rivet. The key geometric

variables used in design are: hole size (h), bolt diameter (d), end distance (e), width of the

member (w) and member thickness (t). While this joint scheme may be the most weight

efficient due the few parts involved when loaded in-plane, the eccentric load path induces

undesirable bending moments, commonly known as secondary bending. According to

Vangrimde and Boukhili [2003], secondary bending typically leads to lower strength

values. In order to mitigate the moment caused by the load eccentricity, the double-lap

joint configuration, shown in Figure 2.5, was introduced. The double-lap connection

requires at least two fasteners and two doubler plates. Bending moments will not be

introduced when this connection is subject to in-plane loads.
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Figure 2.5. Bolted Joint: Double-Lap Configuration

2.4.1. Hybrid Composite/Metal Bolted Joints

Joining composite materials and metals is more complex than joining isotropic

materials, due to the interfaces, material property mismatch, large number of possible

lamination configurations and the difficulty to accurately predict failure loads. Since

most isotropic metals exhibit plastic behavior, yielding may occur in regions of high

stress and shift some of the load resistance to lower stress regions. On the other hand,
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composites are generally elastic until failure occurs, and stress concentrations may give

rise to catastrophic and unexpected failures.

The apparent difficulties in composite joint designs and the potential

consequences of in-service joint failures result in the use of large factors of safety. There

is a constant need for more detailed information about the behavior of these joints in

order to improve the design methods. A comprehensive report on joint design for naval

vessels was compiled by Bonanni et al. [2001], in which joint design guidelines for naval

ship construction and multiple examples of hybrid connections are presented.

2.4.2. Failure Modes in Composite Bolted Joints

Failure modes in composite bolted joints have been well documented in the

literature. Vangrimde and Boukhili [2003], Persson and Eriksson [1999], Camanho and

Matthews [2000] and Ireman et al. [2000] are some examples. Failure is typically

divided into macroscopic and microscopic categories. Macroscopic failure refers to a

damage state at which a structure is no longer able to withstand an increase in the applied

loads. This type of failure is readily observable and indicates a significant loss of

stiffness. In other words, macroscopic failure is considered to be the final stage in the

damage development process. In bolted composite laminates, the prominent macroscopic

failure modes are: net-section, bearing, shear-out and bolt failure.

The net-section mode, depicted in Figure 2.6, refers to failure transverse to the

direction of the bolt load and is mainly initiated by tangential and compressive stresses

acting at the edge of the hole. For a joint subjected to uniaxial loading, net-section failure

typically occurs when the ratio of by-pass load (load applied to the plate) to bearing load

(load going through the bolt) is high, or when the ratio diw (bolt size to plate width) is

high.

Bearing failure, shown in Figure 2.7, consists of damage to the area near the

contact region between the laminate and the bolt, and is a direct result of the compressive

stresses acting on the surface of the hole. The bolt pre-load (lateral constraint) strongly

affects this mode, since lateral constraint prevents delamination and buckling of the

fibers. Bearing occurs when either the ratio of the bearing load to the by-pass load is

high or when the wid ratio is high.
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Figure 2.6. Net Section Failure Mode

Figure 2.7. Bearing Failure Mode

Shear-out failure occurs along shear-out planes on the boundary of the hole in the

principal direction of the bolt load, as shown in Figure 2.8. This mode is most common

for joints with short end distances (e). However, it may also occur for highly orthotropic

laminates, regardless of the value of e. Shear-out failure can be avoided by an

appropriate selection of lamination scheme and end distance.
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Figure 2.8. Shear-Out Failure Mode

The bolt failure mode, shown in Figure 2.9, occurs as a consequence of high shear

stresses in combination with bending stresses in the bolt. This mode typically occurs as a

secondary failure, following the onset of bearing failure.

Figure 2.9. Bolt Failure Mode

In joint design, all failure modes should be considered. Bearing failure is the

preferred mode in composite bolted joints, as the joint can continue to withstand loads

beyond the onset of failure. The other failure modes are usually catastrophic and do not

provide the opportunity to resolve the onset of damage before ultimate failure occurs. A

study by Vangrimde and Boukhili [2003] found that the development of bearing failure

assures the highest strength for a single-bolt joint. Hart-Smith [1991] stated that high-

strength joints with multiple bolt rows are often critical in tension due to high by-pass

loads in the innermost bolt row.

Design charts for composite bolted joints loaded in tension, for both single-bolt

and multi-bolt configurations, are often found in the literature [Hart-Smith (1978),
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Cooper and Turvey (1995) and Collings (1977)]. These charts relate the geometric ratios,

e/d and w/d, to specific failure modes and are geared towards helping the design engineer

avoid the aforementioned macroscopic failure modes. An example of these charts, as

presented by Cooper and Turvey [1995], is shown in Figure 2.10.
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Figure 2.10. Average Joint Load Capacities for Different Bolt Pre-Loads [Cooper
and Turvey, 1995]

Microscopic failure refers to damage that occurs near the edge of the holes in

bolted laminated composite materials. Damage of the structure initiates at the

microscopic level, becomes macroscopic damage and consequently leads to final rupture

of the structure. Microscopic failure modes include: tensile, compressive and shear fiber

and matrix failure, debonding and delamination between plies. For example, hole

machining is a clear source of microscopic damage. Improper drilling techniques may

lead to delamination and fiber fracture, which will ultimately have an influence on the

strength and fatigue resistance of the structure.

2.4.3. Composite Bolted Joints Subjected to Axial and Flexure Loading

An experimental study by Collings [1982] investigated the factors affecting the

strength of bolted joints in multi-directional carbon fiber reinforced polymer (CFRP)

laminates. For single-hole joints loaded in tension, the ultimate strength was found to be

strongly dependent on ply orientation, bolt size (d) and specimen width (w). It was also

observed that the best overall performance was exhibited by + 450 laminates. In multi-

hole joints, no adverse interaction was observed between holes. In other words,
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increasing the number of holes did not cause a discernable loss in joint efficiency, for the

set of parameters investigated.

Ireman et at. [2000] conducted an experimental investigation to characterize the

damage development around holes in bolted graphite/epoxy single-lap joints, subjected to

quasi-static tension. The laminates were fabricated from the unidirectional pre-preg

system HTA/6376, and quasi-isotropic and zero-dominated lamination schemes were

investigated. It was found that, in general, specimens with tapered-head bolts have a

lower strength than those specimens with protruding-head bolts. The difference in joint

strength between tapered-head and protruding-head joints decreases as the diameter of

the tapered-head bolt increases. Secondary bending was observed to occur as a

consequence of significant joint damage. The failure sequence was determined to initiate

as matrix cracking at 25 percent of the failure load, fiber fracture at 35 percent of ultimate

failure, and delamination at 70 percent of final rupture. Joints with quasi-isotropic lay-

ups exhibited higher strength and slower failure sequences than those joints with zero-

dominated lay-ups.

Cooper and Turvey [1995] conducted an experimental investigation for double-

lap, single-bolt joints, loaded in tension. The laminates were manufactured from a

pultruded fiberglass reinforced polyester (FRP) flat sheet material. Eighty-one specimens

were tested to determine the effects of the geometric ratios, e/d and wid, and bolt

clamping torque on the strength of the joint. Their results showed that fully clamped

joints increased in strength by as much as 80 percent. It was also found that the initial

joint stiffness was mainly affected by the wid ratio, while the effect of the e/d ratio and

the bolt clamping torque was small.

Smith et al. [1986] conducted a similar investigation on the strength of CFRP

single-lap bolted joints loaded in flexure, as a function of plate width (w) and edge

distance (e). The results of the study revealed that the effects of overall joint bending

were a likely factor in the reduced strength observed in single-lap joints, when compared

to double-lap joints. Also, larger values of wie (plate width to edge distance ratio) led to

higher strength values.

A study by Oh et al. [1997] investigated the influence of ply angle, lamination

sequence, ratio of constituent materials, and clamping pressure, on the strength of double-
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lap, bolted joints loaded in tension. Glass/epoxy and carbon/epoxy laminates were tested.

It was found that the bearing strength increased as the + 45 plies were distributed evenly

in the thickness direction, regardless of the ratio of the constituent materials. It was also

observed that higher bearing strength values could be attained as the bolt clamping

pressure was increased.

A study by Cohen et al. [1995] provided a strength comparison of multi-row

bolted composite joints under axial loading, as a function of the number of holes (3, 5, 7

and 9 holes) and the lamination sequence. The laminates were fabricated using Hercules

IM7G/3501-6 graphite/epoxy pre-impregnated tape and cured in an autoclave. The

lamination sequence used represents a typical lay-up for joint regions of a composite

rocket booster. With a total of 168 plies and a laminate thickness of 26.04 mm, the

sequence was as follows: [{(1 5)3/90 2/0/+0/0O/O/+O/0/+O/0/±O0/0/90 2,]}6/(/+ 15)3], where

0 = 30, 45, and 60 degrees. The test results showed higher strength values for the joint

specimens with 9 holes. For a given number of holes, joint configurations with ± 45

reinforcing plies attained the highest strength values, when compared to joints with

reinforcing fibers oriented at 30 and 60 degrees. When compared to 3-hole specimens, 9-

hole joints only resulted in a 4 percent strength increase. Hence, for experimental

purposes, the three-hole joint configuration was recommended as the most affordable and

not overly conservative joint, when considering joint strength.

Starikov and Schon [2001] conducted an experimental investigation on the quasi-

static behavior of single-lap and double-lap, protruding-head, bolted joints loaded in

tension and compression. The composite plates were made of carbon fiber/epoxy

(HTA7/6376) using two lamination sequences: 1) quasi-isotropic [(±45/0/90)3]s, and 2)

(±45/0/90/04/90/03) s. The plates were joined by two (single-bolt row), four (double-bolt

row), and six (triple-bolt row) titanium, protruding-head bolts. The results of these tests

showed that the specimens joined with three bolt rows (either single-lap or double-lap

joints) exhibited the highest quasi-static tensile and compressive strengths. It was also

observed that, for the same specimen type, the ultimate strength and strain values were

higher for the compressive loading case. The lowest resistance to quasi-static loading

was observed for specimens with a single row of bolts. However, multi-row joints failed

catastrophically in net-section, while single-row joints failed in bearing mode. Load-
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transfer measurements between different bolt rows showed that, in general, the first bolt

row transfers the largest amount of load.

2.4.4. Composite Bolted Joints Subjected to Fatigue Loading

The relationships between material properties, geometric variables, lamination

sequence, failure loads and failure modes in composite bolted joints have been the subject

of much of the research found in the literature. Persson and Eriksson [1999] conducted

an experimental investigation with the objective of ranking the factors that most

significantly affect strength and fatigue life in multi-row, carbon-epoxy bolted joints,

using a linear regression analysis. For static loading, it was found that the most

influential factors were the bolt diameter to laminate thickness ratio (dit), the bolt pre-

load, and the bolt-head type. Use of protruding-head bolts increased the gross section

strength, when compared to tapered-head bolts. Variation in pre-preg type for a given

fiber type and environmental conditions were found to have a lesser effect on the

strength.

In the same study, Persson and Eriksson [1995] also investigated the joint

response when subjected to fatigue loading of constant amplitude, with initial deflections

varying no more than 0.05 mm. In the latter part (from 90 percent) of the fatigue life,

deflections increased catastrophically due to the addition of the local stiffness loss. It

was concluded that damage may have been growing without affecting the overall

structural response of the specimen, until a critical point was reached. At this point, the

significant stiffness loss caused large deflections which resulted in sudden and

catastrophic failure of the laminate.

Herrington and Sabbaghian [1993] studied the effects of the load magnitude,

orientation of reinforcing fibers, and bolt pre-load on the fatigue life of composite bolted

joints. Their results showed that the outer ply angle had a small effect on the joint

strength. The most influential factor was found to be the bolt pre-load, which increased

the joint strength. It was also suggested that the pre-load could increase the fatigue life of

the joint.

Starikov and Schbn [2002a] performed experimental studies on the fatigue

resistance of single-row and multi-row, composite bolted joints with protruding-head
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bolts. Quasi-isotropic and highly orthotropic lay-ups were investigated. The results of

the protruding-head bolted joint tests indicated that a multi-row configuration with a

quasi-isotropic lay-up displayed the highest fatigue resistance. Bolt failure was the

dominant mode. For all lay-ups, the fatigue behavior of the composite joints was

observed to vary linearly with the number of bolts.

Starikov and Schbn [2002b] performed a similar fatigue study for joints with

tapered-head bolts. Three types of bolts were used: all-composite fasteners (ACF),

titanium torque-set bolts, and titanium Huck-comp bolts. The results showed that joints

using titanium bolts attained a higher fatigue life than those using composite bolts. At

high load levels, the fatigue resistance of specimens with Huck-comp bolts was

comparable to that of joints with protruding-head bolts. It was concluded that failure of

the joints with composite bolts was due to the low ability of the bolts to carry cyclic shear

loading. The dominant failure mode observed was bolt fracture.

Benchekchou and White [1995a] conducted both theoretical and experimental

studies to determine the stresses around bolts in composite joints subjected to fatigue

loading. The cantilever-type specimens, made of CFRP and XAS/914 CUD material,

were subjected to cyclic loading. Three different quasi-isotropic lamination sequences

were investigated. Three-dimensional finite element analysis was used to determine the

highest normal and shear stress regions. The experimental results showed that the greater

the flexural amplitude, the more quickly damage initiated in the plates. Damage

developed earlier for plates with smaller holes, when compared to those with larger

diameter holes. For a given applied load, the reduced area between the bolt and the

laminate led to higher stresses, which resulted in delamination. It was also observed that,

for all bolt diameters and flexural amplitudes, [(±45/0/90)2]s was the most fatigue-

resistant lamination sequence. Finite element results showed that the maximum stresses

occurred near the holes, where the bolt-head is positioned, when the structure was loaded

away from the fixed support. When loaded towards the support, some of the maximum

and minimum normal and shear stresses occurred near the holes, while other stresses

occurred at the edge of the plate. For a given end displacement, stress values around the

holes were lower for bending towards the clamp than away from the clamp. Analytical

data was compared with the experimental results, with an 8 percent difference.
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Benchekchou and White [1995b] conducted the same type of fatigue study for

joints with tapered-head bolts. Higher shear stresses were observed for joints with

tapered-head bolts than those with protruding-head bolts, as fewer fatigue cycles were

needed to initiate damage. A direct correlation between high normal and shear stresses

from the models and initiation of delamination and shear cracks in the experiments was

observed. High normal and shear stresses occurred in the regions around the holes, with

maximum stresses occurring in the first and last ± 45 plies. Changing the bolt pre-load

did not affect the maximum normal and shear stresses. Both the finite element models

and the test results showed that the [(±45/0/90)2]s lay-up was the most resistant to fatigue

loading.

2.5. Summary of the Literature Findings and Research Significance

The summary of the literature shows that considerable research has been conducted

on composite bolted joints subjected to in-plane and fatigue loads. For the most part,

researchers have outlined the major factors affecting the joint capacity and the types of

failures that may occur under various loading conditions. The geometric ratios, the bolt

pre-load, and the lamination sequence have been ranked as the most influential factors

affecting the structural integrity of the joint. Because of the inherent difficulty of

predicting failure in composite bolted joints, these investigations have typically involved

comprehensive experimental programs.

A few papers have stated that hybrid joints are considered to have great potential

for future engineering applications, but are currently at the developmental stage. A

limited number of major investigations on hybrid systems were found in the literature and

this is an area that requires further research. In order to characterize the structural

behavior of hybrid joints, these systems need to be investigated experimentally and their

applicability for large-scale structures needs to be demonstrated at the sub-component

and component levels. An extensive experimental investigation, including in-plane,

flexural, and fatigue loading, is required to achieve these goals. Accordingly, the study

presented herein aims at providing a comparative study of the performance of various

hybrid bolted joint configurations loaded in flexure. Also, this study provides a basis for

assessing the applicability of hybrid joints to underwater marine structures.
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3. Structural Testing of Hybrid Joints Under Flexural Loading

3.1. Joint Testing Rationale

In marine applications, any vessel using composite materials for the bulk of the

system will require hybrid connections of some sort, where composite components are

attached to metallic sub-structures. The structural integrity and performance of a ship will

be strongly influenced by the performance of attachments and internal connections.

Therefore, assessing the structural integrity of a hybrid system must include detailed

studies of the connection behavior. An accurate appraisal of structural integrity depends

primarily on proper assessment of the structural response of the connections and interfaces

and a sound estimate of the loads that induce failure. Accordingly, a thorough

investigation of the hybrid connection mechanics is an essential part of this research.

3.2. Joint Testing Objectives

One of the primary objectives of the MACH project is to develop a watertight,

hybrid composite/metal joint for lifting body structures. In doing so, it is desired to attach

removable, modular composite panels to the metallic lifting body sub-structures. Because

dissimilar materials are being joined, the connection of composite sections to metallic

components is a critical issue in the design of hybrid systems. Hybrid joint design is more

complex than conventional metallic joints, because of the dissimilar interfaces and the

numerous failure modes that can be induced by the use of composite materials. Hybrid

joints are inherently non-linear and characterization of their behavior requires complex

analytical models that need experimental verification. In order to provide a reliable design,

it is imperative to investigate the non-linear connection mechanics, the interactions

between the constituents, and the response of the system under severe environmental

conditions.

Marine structures are subjected to in-plane and out-of-plane loads, and are therefore

susceptible to both through-the-thickness and bending failure modes. The experimental

study presented in this section is aimed at assessing the structural response of hybrid joint

specimens subjected to primarily flexural loading. For this investigation, hybrid joint test
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articles were isolated as sub-components of the large-scale panel assembly. Test articles

were configured with representative panel cross-sections and representative interface

attachment conditions. The primary goal was to develop a watertight joint that would

maintain a hydrodynamic profile when implemented into a modular, four-panel assembly

of the lifting body structure. The relative performance of various joint designs was

assessed on the basis of initial joint rotational stiffness, strength, and the types of failure

modes observed.

Sub-component testing was conducted to evaluate critical panel configuration

parameters, such as panel attachments, tapering, and use of stiffening doubler plates and

foam inserts. This testing phase is a precursor to the more costly and geometrically

complex testing of a large-scale, modular panel assembly, presented in Section 4.

Additionally, the experimental data obtained from these tests can be used to verify

analytical models and to develop design guidelines for hybrid joints.

3.3. Hybrid Joint Configuration and Geometry

Potential hybrid joint configurations were judged and selected based upon their

ability to be made watertight, smooth shaped, and cost effective. A total of fifteen joint

specimens were tested. Specimens were grouped into two main categories: bolted joints

and bolted joints with doubler plates. The major geometric parameters investigated were:

bolt type, bolt diameter, and doubler plate geometry.

3.3.1. Bolted Joints

The bolted joint sub-component, presented in Figure 3.1, was selected as the

baseline for the experimental investigation, as this configuration is common in practice and

is relatively inexpensive to manufacture and assemble. The joint consists of two composite

beams attached to a steel I-beam member by using two rows of bolts, with three bolts per

row. Both protruding-head and tapered-head, grade 8, steel bolts, were used for this study.

Tapered-head bolts entail more work during installation, but provide a smooth top surface,

when compared to protruding-head bolts. To better distribute the clamping force through

the thickness of the joint, steel washers were used at the top and bottom surfaces of the

specimens with protruding-head bolts, and at the underside of the steel I-beam member for
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specimens with tapered-head bolts. The baseline geometry of the bolted joint sub-

component is presented in Figure 3.2. Table 3.1 provides a description of the geometric

parameters used.

Composite beams

Bolted joint

Steel I-beam

Figure 3.1. Schematic of the Bolted Joint Sub-Component
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Figure 3.2. Baseline Geometry of Bolted Joints
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